Development of the musculature in chick limbs involves tissue and cellular patterning. Patterning at the tissue level leads to the precise arrangement of specific muscles; at the cellular level patterning gives rise to the fibre type diversity in muscles. Although the data suggests that the information controlling muscle patterning is localised within the limb mesenchyme and not in the somitic myogenic precursor cells themselves, the mechanisms underlying muscle organisation have still to be elucidated. The anterior-posterior axis of the limb is specified by a group of cells in the posterior region of the limb mesenchyme, called the zone of polarizing activity (ZPA). When polarizing-region cells are grafted to the anterior margin of the bud, they cause mirror-image digit duplications to be produced. The effect of ZPA grafts can be reproduced by application of retinoic acid (RA) beads and by grafting sonic hedgehog (SHH)-expressing cells to the anterior margin of the limb. Although most previous studies have looked at changes of the skeletal patterning, ZPA and RA also affect muscle patterning. In this report, we investigated the role of SHH in tissue and cellular patterning of forearm wing muscles. Ectopic application of a localised source of SHH to the anterior margin of the wing, leading to complete digit duplication, is able to transform anterior forearm muscles into muscles with a posterior identity. Moreover, the ectopic source of SHH induces a mirror image duplication of the normal posterior muscles fibre types in the new posterior muscles. The reorganisation of the slow fibres can be detected before muscle mass cleavage has started; suggesting that the appropriate fibre type arrangement is in place before the splitting process can be observed.
Introduction
Despite recent progress in understanding muscle determination and differentiation (for reviews see Cossu et al., 1996; Tajbakhsh and Cossu, 1997) , our knowledge of the mechanisms regulating the spatio-temporal organisation of committed muscle cells in the limb is still limited. Nonmyogenic cells appear able to control the patterning of limb muscles, at both the tissue and cellular levels (Chevallier et al., 1977; Christ et al., 1977; Chevallier, 1978; Chevallier and Kieny, 1982) . It is assumed that the mesenchyme acts through extracellular matrix molecules (ECM) to influence the subsequent placement of muscle cells and their differentiation (Adams and Watt, 1993; Juliano and Haskill, 1993) .
Myogenic precursor cells migrate from the lateral part of the somite into the limb bud starting at around stage 16HH (Ordahl and Le Douarin, 1992) . This migration into the limb bud is controlled by the limb bud mesenchyme (Chevallier et al., 1977; Hayashi and Ozawa, 1995) . Once myoblasts have reached their destinations at around E3/stage 18HH (Chevallier et al., 1977) , they proliferate. Then, there is a sequential activation of the myogenic regulatory factors (MRFs), such as MyoD and Myf-5 (Pownall and Emerson, 1992; Williams and Ordahl, 1994; Lin-Jones and Hauschka, 1996) . Initial fusion of myoblasts can be visualised by elec-tron microscopy at stage 26 HH/E5 (Hifler et al., 1973) , an event which is concomitant with the appearance of muscle structural proteins (Stockdale, 1992) .
As early as E3.5/stage 22HH, tissue patterning starts with the aggregation of myoblasts cells into dorsal and ventral muscle masses (Schramm and Solursh, 1990) . These two muscle masses split progressively along the antero-posterior (a-p) and proximo-distal (p-d) axes and subsequently form the individual muscles. At the forearm level, the splitting process starts around ES/stage 27HH and finishes 48 h later at E7/stage 32HH (Shellswell and Wolpert, 1977; Robson et al., 1994) . Twelve main muscles can be identified in the forearm region of the chick wing (Shellswell and Wolpert, 1977; Robson et al., 1994; Zhi et al., 1996) . Cellular patterning can be visualised when individual muscle cells acquire an identity by synthesising either fast or slow isoforms of MyHC around stage 26HH (Sweeney et al., 1989; Page et al., 1992; Stockdale, 1992) , which predicts their final fibre type. It has been suggested that there are different fibre type lineages present at early stages of development, which are activated by extrinsic signals at the required time in development (DiMario et al., 1993; Van Swearingen and Lance-Jones, 1995) . Alternatively, a single myogenic precursor lineage exists upon which non-myogenic factors act to specify fibre type (Butler et al., 1988; Hughes and Blau, 1992) . In reality, both situations are likely to occur with different lineages able to switch phenotype if required.
During limb development, patterning along the anteroposterior (a-p) axis is specified by a group of cells located in the posterior mesenchyme of the developing wing bud, the zone of polarizing activity (ZPA) (Saunders and Gasseling, 1968) . Mirror-image digit duplications are produced when polarizing region cells are grafted to the anterior margin of the bud (Saunders and Gasseling, 1968; Tickle et al., 1975) . Anterior applications of retinoic acid (RA) and Sonic Hedgehog (SHH) mimic this effect on digit pattern (Tickle et al., 1982; Riddle et al., 1993; Lopez-Martinez et al., 1995; Yang et al., 1997) . These studies have tended to focus on changes in the patterning of the skeleton rather than of the muscle and connective tissues (for a review see Tickle and Eichele, 1994; Tickle, 1995) . A few studies have reported that ZPA grafts or application of RA can also affect the musculature (Shellswell and Wolpert, 1977; Robson et al., 1994) , but the action of SHH on the musculature and connective tissues is not known.
We wished to determine whether SHH could be one factor in the limb environment responsible for setting up the limb muscle pattern. In the limb SHH is expressed in the ZPA and is thought to specify the ZPA region (Riddle et al., 1993) . However, in addition to its role in setting up the a-p axis for the cartilage elements, it appears to be a good candidate to play a role in the organisation of the muscles along the a-p axis. SHH has been suggested to mediate the action of the neural tube/notochord complex on axial myogenesis Münsterberg et al., 1995; Maroto et al., 1997; Borycki et al., 1998; Teillet et al., 1998) . However, the nature of the SHH effect on axial muscle remains unclear. Some authors suggest that SHH has a proliferative/ survival effect Teillet et al., 1998) , while others view the SHH effect as myogenic induction (Münsterberg et al., 1995; Maroto et al., 1997; Borycki et al., 1998) . In addition, SHH is able to induce slow muscle differentiation in Zebrafish (Blagden et al., 1997; Du et al., 1997) . SHH has also been shown to increase proliferation of myoblasts in the chick wing both in vivo and in vitro, as well as to induce differentiation in committed myogenic cells . We investigated the role of SHH in the cellular and tissue patterning of the forearm wing muscles. The arrangement of the muscles after grafts of SHH-expressing cells to the anterior margin of the bud was analysed. We found that ectopic localised expression of SHH transformed anterior muscles into muscles with a posterior identity. Moreover, the distribution of fibre types in the new posterior muscles was the mirror image of that of the normal posterior muscles. Changes in the distribution of slow fibres were detected before any changes in the splitting process occurred, suggesting that the appropriate fibre type arrangement occurs before the tissue patterning process.
Results

Anterior application of SHH posteriorises anterior muscles at the forearm level
SHH-expressing cells were grafted anteriorly to embryonic day 3 limb buds, providing a localised ectopic source of SHH in vivo. Seven days following these grafts, as expected, duplication of the digit cartilage occurs (Fig. 1A,E; Riddle et al., 1993; Yang et al., 1997) . In these experiments, although there is a symmetric addition of cartilage elements, at the digit level, there are no additional cartilage elements in the forearm, with the radius transformed into an ulna ( Fig. 1A,E ; Yang et al., 1997) .
Wings were classified by the degree of digit duplication. The pattern of the musculature in limbs which had complete digit duplication were analysed and individual forearm muscles identified using the criteria described in Section 4. The total number of muscles in the duplicated wings was the same as in the contralateral wing ( Fig. 1; Table 1 ), but instead of the normal asymmetric spatial arrangement, a symmetric muscle pattern was observed, with the plane of symmetry orthogonal to the a-p axis. Dorsally, at the forearm level, six muscles can be identified, running from posterior to anterior: ANC, EMU, EDC, EML, EIL and EMR ( Fig. 1F-H) . In SHH-treated limbs, the anterior muscles appear to mirror the shape and spatial position of the posterior muscles (Fig. 1B-D) . The new posterior muscles are labelled in red. The most dorso-posterior muscles ANC and EMU are systematically duplicated in all cases ( Fig. 1; Table 1 ). The dorso-central muscle, Fig. 1 . The posterior muscle pattern is duplicated in the anterior forearm 7 days after grafts of SHH-expressing-cells leading to complete digit duplication. Skeletal elements of the right wing 7 days after grafts of SHH expressing-cells to the anterior margin of the wing bud at E3 (A) and of the ungrafted contralateral wing (E). Both manipulated (B-D) and control (F-H) wings were cut transversely at the levels indicated along the proximo-distal axis (A,E). Sections (B) and (F) correspond to a more distal level; sections (C) and (G) are cut at the mid-diaphysis level and sections (D) and (H) correspond to the proximal level of the forearm elements. Grafts leading to a full duplication at the digit level transform anterior muscles into muscles that have a new posterior identity at the forearm level. EDC, is never duplicated ( Fig. 1 ; Table 1 ) and appears to lie on the plane of symmetry. The central muscles, EIL and EML, located between the cartilage elements are also never duplicated (Table 1) ; they tend to fuse (Fig. 1C) . The most anterior dorsal muscle EMR, associated with the radius (Fig. 1F-H ) is never present at any level of the proximo-distal axis of the SHH-treated wing (Fig. 1B-D) .
Ventrally in the forearm region of the normal wing, six muscles can be identified, running from posterior to anterior: FCU, FDS, UMV, FDP, PP and PS ( Fig. 1F-H ). PP and PS are the only two muscles present in the anterior and proximal regions (Fig. 1F-H (Fig. 1, Table 1 ), while the very small muscle FDS, associated with the ventral part of FCU is occasionally missing. UMV associated with FDP also tends to disappear or the two fused to form a single muscle (Table 1 , Fig. 1 D) . PP and PS cannot be identified in the SHH-respecified wing at any level of the proximo-distal axis. In contrast, in the anterior region, we can only detect the new posteriorised FCU and FDP ( Fig. 1B-D) . This was interpreted as indicating that the two anterior muscles, PP and PS, had been respecified into posterior muscles, i.e. FDP and FCU.
In conclusion, a local anterior ectopic source of SHH, able to induce digit duplication, transforms the anterior muscles into muscles with a posterior identity in the forearm.
Cellular composition of the new posterior muscles at 10 days
In order to determine whether application of ectopic SHH is able to duplicate the cellular pattern of the muscle, we investigated the distribution of slow isoforms of MyHC protein after grafts of SHH-expressing cells. Slow MyHCs appear to be regionalized as soon as they are detectable with antibodies (Page et al., 1992; Stockdale, 1992; Robson et al., 1994) . We used Na8, an antibody recognising the isoforms SM2, SM3 of the slow MyHC (Bourke et al., 1995) . During normal development, at E10, individual muscles of the chick wing display a characteristic distribution of slow fibres ( Fig. 2B ) in comparison to the uniform distribution of MyHCs, revealed by MF20 labelling ( Fig. 2A) . A general observation is that there are more slow fibres in the dorsal extensor muscles than in the ventral flexor muscles (Fig. 2B ). This is expected since the extensor muscles are used mainly to maintain posture and the biochemical characteristics of slow fibres are adapted for sustained efforts. The central muscle EIL shows a uniform distribution of slow fibres ( Fig. 2B) , as well as of fast fibres (data not shown). FCU, the most posterior-ventral muscle is composed of slow fibres in its dorsal part ( Fig. 2C ). In the SHH-manipulated wing, the slow fibre distribution of the new posterior muscles appears to mirror that of the posterior muscles of the wing (Fig. 2F ). High magnifications of the FCU muscles show that the distribution of slow fibres in the new posterior FCU (Fig. 2H ) is a mirror image of that of FCU (Fig. 2G) . This is very different from the normal anterior muscles PP and PS muscles that are negative for slow fibres (Fig. 2B ). It should be noted that the intensity of labelling of the slow fibres in the respecified anterior region is always stronger than in the normal/control posterior region ( Fig. 2F and compare Fig. 2G ,H). The application of SHH is not only able to duplicate the tissue pattern but also the cellular patterning of the musculature, with completely new origins and insertions for the new posterior muscles (data not shown). It should also be noted that the connective tissue is also respecified in these limbs and duplicate sets of tendons are produced matching the new muscles (data not shown). The anterior muscles are now completely rearranged to form posterior muscles that are accurate even to the distributions of slow MyHC positive fibres. Muscle pattern, at the forearm level, was analysed in eight limbs which showed full digit duplication. The criteria for classifying a limb as showing full digit duplication were those defined by Tickle et al. (1975 Tickle et al. ( , 1982 , Robson et al. (1994) and Yang et al. (1997) . The following phenotypes: 43234, 432234; 432blip32 were classified as full digit duplication. All such fully duplicated limbs display of similar muscle patterns in the forearm, with the exception of that the new posterior-FDS was only individualised from the FCU in three cases out eight. U, ulna; R, radius; 4,3,2 represent the digits. A blip corresponds to a piece of cartilage, with no identifiable digit phenotype. The muscle names are listed in Section 4. The new posterior muscles are written in bold. 
Anterior application of SHH induces ectopic expression of shh
With the aim of clarifying the mechanisms underlying the muscle respecification at the tissue and cellular level, we looked at the molecular level. We first examined shh expression after grafts of SHH-expressing cells at E3, stage 2OHH. Six hours after grafting, in situ hybridization to Shh transcripts in wholemount preparations showed that ectopic Shh remains localised to the grafted anterior region ( Fig.  3A ; n = 5) and endogenous expression of shh is detectable in the posterior region (Fig. 3A) . Twenty-four hours after grafting, ectopic SHH-expressing cells start to spread and mix with the anterior mesenchymal cells of the wing ( Fig.  3B ; n = 10). Forty-eight hours after grafting, SHH-expressing cells are visible at the forearm level, and ectopic shh expression was visible in the anterior distal wing bud mesenchyme (n = 4 out of 6). In the two cases where no induction was observed, the SHH-expressing cells were not close to the tip of the bud. This shows that SHH is able to induce its own expression in the anterior region of the bud, after 48 h of exposure. The explanation of this result is not clear, but this induction might be a consequence of a positive feedback loop between the product of Hoxd-12 gene and SHH. It has been shown that overexpression of Hoxd-12 in transgenic mice in the anterior limb bud can induce ectopic Shh expression, resulting in mirror-image polydactyly in the limb (Knezevic et al., 1997) . Since application of SHH-expressing cells to the anterior margin of the bud can induce ectopic expression of Hoxd-12 after 24 h (n = 3; data not shown), the activation of Shh after SHH application might be the consequence of this ectopic activation of Hoxd-12.
MyoD expression profile after anterior application of SHH to the wing bud
In order to visualise the changes occurring in muscle formation during normal development and after respecification with SHH, we performed in situ hybridisation to MyoD transcripts in whole-mount preparations and sectioned them (Fig. 4) . Since MyoD transcripts are localised exclusively and uniformly in muscle masses , MyoD provides a marker for visualising changes in the muscle pattern at the tissue level.
Twenty-four hours after anterior application of SHHexpressing cells, no alteration of MyoD expression was observed (data not shown; Duprez et al., 1998) . Fortyeight hours later, at stage 27HH, dorsal and ventral masses can be observed in transverse sections of the forearm of normal embryos (Fig. 4C) . The splitting process has just started in the ventral mass, liberating the future FCU and FDP in the posterior region (Fig. 4C) . Forty-eight hours after grafting SHH-expressing cells the shape of the bud is broader, characteristic of duplicated wing buds (Fig. 4B) . A dorsal view of a MyoD wholemount preparation does not show an obvious increase in the dorsal muscle mass in the forearm but shows an extension of the distal MyoD domain (compare Fig. 4A,B) . However, obvious changes can be observed in ventral muscles, where the splitting process has become symmetrical (Fig. 4D) . Seventy-two hours after grafting, at stage 29HH, the splitting of the ventral muscle mass is further advanced and the asymmetric organisation of the ventral muscles is clearly evident in the control limb (Fig. 4G) . The dorsal muscle mass has also now started to split and is asymmetric, with a longer tail of myogenic cells over the anterior side (Fig. 4G) . In the SHH-treated limbs, muscle masses have expanded, most obviously ventrally (Fig. 4H) . The muscle masses are now symmetrically arranged both ventrally and dorsally (Fig.  4H) . Changes in the ventral mass are more evident than in the dorsal mass (Fig. 4H, arrows) , because of the absence of muscles in the ventral-anterior part of the normal forearm (Fig. 4G) . While the ventral muscle mass is clearly splitting both in the control and SHH-treated limbs the dorsal muscle mass of the SHH-treated limb does not appear to be as far advanced as the control (Fig. 4G,H) . The application of SHH clearly alters the muscle masses, which are now arranged in a symmetrical pattern, in comparison to the asymmetric untreated limbs.
Anterior application of SHH induces respecification of the distribution of slow fibres after 48 h
To follow changes at the cellular level, we looked at the distribution of slow fibres after SHH exposure. In our hands, the Na8 antibody can detect slow fibres clearly at stage 27/ 28 (E6). Labelling at earlier stages was weak and variable. At E6, in normal wings, slow fibres are located posteriorly in the dorsal mass (Fig. 5C, arrowed) . At that stage, the splitting process in the normal wing has just started in the ventral muscle mass, whereas it has not started in the dorsal masses (Fig. 5B) . We can observe the symmetrically-organised splitting of the muscle masses in the SHH-treated wing, visible in the ventral muscle mass (Fig. 5D ). It should be noted that the splitting process occurring in the new posteriorised anterior region is always slightly delayed with respect to the cleavage occurring in the posterior region (see Fig. 4D,H; Fig. 5D ). A symmetric distribution of the slow fibres can be observed in the dorsal muscle masses of SHH-treated wings (n = 2; Fig. 5E ). In the ventral region the symmetry was less obvious (Fig. 5E ), but was clear 72 h after grafting (n = 2; data not shown) and at later stages (Fig. 2) . These results show that SHH can respecify the cellular pattern before any sign of splitting process can be observed.
Discussion
SHH is involved in specifying muscle position
Embryological manipulations in the Chick have demonstrated the influence of non-myogenic limb tissue in muscle patterning (Chevallier et al., 1977; Chevallier and Kieny, 1982; Grim and Wachtler, 1991) . We show that ectopic localised expression of SHH is able to transform anterior muscles into posterior muscles suggesting an endogenous role for SHH during the process of muscle development. The first indication of the splitting process, which leads to individual muscles, is at around stage 27HH (Shellswell and Wolpert, 1977; Robson et al., 1994 ; this study), when endogenous expression of shh becomes restricted and fades (Riddle et al., 1993 ; Fig. 3D ). This probably means that SHH protein does not act directly on the cleavage of muscle masses but suggests a cascade of events downstream of SHH leading to the splitting process. Obvious candidates for downstream effectors of SHH are the extracellular matrix (ECM) proteins. It has recently been shown that the ECM protein vitronectin may be a downstream effector of SHH acting on motorneurone differentiation in the Chick (Martinez-Morales et al., 1997). Moreover, integrin molecules have been shown to be involved in mediating some of the HH activities during morphogenesis of the foregut in Drosophila (Pankratz and Hoch, 1995) . Interestingly, the amino-terminal fragment of SHH has a heparin-binding site , which could allow fixation of SHH on the heparan sulphate proteoglycans present in most ECM proteins. Myoblasts have different combinations of integrins, ECM receptors, which specifically bind to various ECM proteins. This preferential binding produces very different effects on myoblast proliferation and differentiation (Bronner-Fraser et al., 1992; Blaschuk and Holland, 1994; Boettiger et al., 1995) . Thus, alterations in the ECM induced by SHH signalling could be interpreted by the integrin receptors on myoblasts leading to different patterns of myogenic proliferation and differentiation.
Another group of molecules, downstream of SHH, which have been implicated in muscle patterning are products of the Hox genes. Homeobox genes situated 5′ in the HoxA and HoxD clusters are under the control of SHH during limb development (Riddle et al., 1993; Laufer et al., 1994; Nelson et al., 1996) . Ectopically induced HoxD gene expression mirrors the endogenous expression patterns and precedes formation of ectopic skeletal elements Nelson et al., 1996) . Studies of misexpression of Hox genes from the A and D complexes in chick limbs using retroviral vectors suggest that products of the Hox genes regulate rates of cell division in the proliferative zone of growing cartilage Yokouchi et al., 1995; Goff and Tabin, 1997) . HOX proteins could regulate cartilage position by regulating growth at different times and places during development. Similar actions of HOX proteins could occur during muscle patterning. The expression of the Hox genes in muscle cells has largely been neglected. However, recent evidence indicates that the HOXA11 protein is expressed in migrating myoblasts of the limb bud (Yamamoto et al., 1998) . In addition, and unexpectedly according to the colinearity rules, HOXA13, thought to be a distal limb marker for the autopod, is expressed in myoblasts of the posterior muscles in the chick forearm (Yamamoto et al., 1998) . Application of retinoic acid to the anterior margin of limbs induces ectopic expression of HOXA13 in the anterior region of the muscle masses, in a mirror image duplication of the posterior muscle masses (Yamamoto et al., 1998) .
In Drosophila, some aspects of muscle pattern are determined by the autonomous function of homeotic genes in the embryonic mesoderm (Greig and Akam, 1993; Michelson, 1994) , although the ectoderm also contributes. It has been shown that HH is a candidate for this inductive signal from the ectoderm to mesoderm specification leading to the correct segregation of muscle progenitors (Azpiazu et al., 1996; Jagla et al., 1998) .
SHH is able to organise the distribution of slow fibres during wing development
The mechanisms involved in generating fibre diversity are still not clearly understood. It has not yet been resolved whether the diversity of fibres arises from distinct myoblast cell lineages or from a single myoblast lineage which forms different fibre types under the influence of the environment. Future slow and fast muscle fibres can only be discriminated from each other by the onset of expression of slow MyHC. No obvious correlation has been observed between the expression of the MRFs and the different types of fibres during development (Stockdale, 1992) . Whereas in the adult, fast and slow fibres express MyoD and Myogenin differentially . Embryological manipulations indicate that fibre type commitment occurs very early in development before the myogenic cells have migrated into the chick limb (Van Swearingen and LanceJones, 1995), suggesting that myoblasts receive instructions, concerning their future fibre type, before leaving the somites. However, when brachial somites are replaced by unsegemented thoracic somitic mesoderm at day 2, manipulated brachial muscles express a fibre-type profile equivalent to that of their control counterparts (Butler et al., 1988) . These experiments support the hypothesis that fibre diversity depends on the limb environment. It is still unclear what specific component(s) of the limb environment is (are) the source(s) of cellular patterning information. The fact that fibre type diversity is evident at stage 26HH before functional innervation (occurring at stage 28HH) excludes a role for innervation in the early steps of fibre diversity determination. Current theories are that an early phase of fibre specification occurs independently of innervation, followed by a second phase during which innervation becomes essential for maintaining this pattern and modulating the MyHC content of the fibres (Leufeuvre et al., 1996; DiMario and Stockdale, 1997) . In addition, hormones have been shown to modulate fibre phenotypes later in development (Gardahaut et al., 1992) .
Our results indicate that SHH is one of the limb mesenchyme factors responsible for setting up the pattern of slow fibres during development (Figs. 2 and 5) . As experiments by Van Swearingen and Lance-Jones (1995) suggest a commitment to fibre types before entrance into the limb, it is unlikely that SHH expression in the limb is responsible for specification of fast and slow lineages. The earliest SHH expression in the limb is evident from stage 17/18HH, after myoblasts have completed their migration into the limb (Riddle et al., 1993; Laufer et al., 1994) . Thus, it appears more likely to think that SHH expressed in the ZPA induces the extension (proliferation or/and differentiation) of an already-committed slow-MyHC population. This possibility would reconcile both the early commitment of a slow fibre population (DiMario et al., 1993; Van Swearingen and Lance-Jones, 1995) and the role of the limb mesenchyme (Butler et al., 1988) . We cannot however, exclude a role for SHH expressed in the notochord and floor plate of the neural tube in committing pre-migratory myoblasts to a slow MyHC phenotype. Indeed, it has recently been shown in zebrafish embryos that SHH secreted from the notochord can induce the formation of slow muscle precursor cells (Blagden et al., 1997; Du et al., 1997) .
The different muscle fibre type precursors populate the limb at early stages and growth factors like SHH could activate proliferation, differentiation, or both of such populations as required during development. We have already shown that SHH is able to activate proliferation of muscle cells in vivo and in vitro ) but we did not distinguish between slow and fast fibre populations. The proliferative effect of SHH on muscle cells can be detected in the absence of an effect on cartilage , suggesting that cellular muscle patterning is independent of cartilage formation, in contrast to tissue patterning.
The action of SHH in organizing the distribution of slow fibres occurs before any sign of muscle mass splitting. Manipulations with RA have suggested that cellular patterning occurred after the splitting process was complete, since the re-arrangement of fibre types within the new posterior muscles did not appear to be altered until 90 h after anterior RA application (Robson et al., 1994) . One explanation could be the use of different antibodies recognising different epitopes or isoforms of slow MyHC. Alternatively, since RA is upstream of SHH, the delay might be due to the induction of SHH by RA; which takes 24 h (Riddle et al., 1993) .
Does SHH have a direct effect on muscle cells?
The question remains, does SHH have a direct effect on muscle cells? The experiments reported here do not answer this question. However, indirect evidence does suggest SHH acts directly on muscle cells. The localisation of SHH-transcriptionally-regulated genes could provide an indication of SHH cellular targets. These genes are in the downstream pathway of SHH and include the transmembrane Patched gene (ptc), considered to be one of the receptor(s) of the SHH signal (Marigo et al., 1996a,b) , and the zinc-finger transcription factors involved in SHH signal transduction, gli genes in vertebrates (Marigo et al., 1996c; Borycki et al., 1998) . Ptc presents a graded expression in the limb mesenchyme from posterior (the strongest expression) to anterior , and the myogenic precursor cells, Pax-3-and MyoD-positive cells, are included within this Ptc expression domain . Ptc is also developmentally expressed in somites, and a strong localisation of the transcript can be detected in myotome compartments (Borycki et al., 1998; Watanabe et al., 1998 ; data not shown). The gli genes are also expressed in the myotomes (Borycki et al., 1998) . The muscle localisation of all these SHH-transcriptionally-regulated genes supports a direct role of SHH in muscle cells.
The segment polarity gene Smoothened (Smo), required for HH signalling in Drosophila (Alcedo et al., 1996; Van den Heuvel and Ingham, 1996) , and whose transcription is not induced by SHH (Stone et al., 1996) , appears to be expressed in adult rat skeletal muscle (Stone et al., 1996) . A more detailed analysis during early limb development of smo gene expression at the cellular level might provide additional insights into the mechanisms by which SHH controls cartilage and muscle patterning in the limb.
The consequences of mutations in gli and ptc genes on muscle development have not yet been examined, with most attention having being focussed on cartilage (Buscher and Ruther, 1998) . The fact that the MRFs, MyoD and Myf-5, are activated in the somites and limbs of Shh null mice (Chiang et al., 1996) shows that SHH is not necessary for induction of these genes. The role of SHH might be to provide an environment for the correct localisation of myoblasts in particular regions of the limb. Determination of slow MyHC phenotype in Shh-mutant may prove useful in defining the role of SHH in muscle patterning, although interpretation may be hampered by the skeletal limb defects of these mice (Chiang et al., 1996) . In summary, we have shown that SHH is able to influence both tissue and cellular muscle patterning. One hypothesis is that SHH has both direct and indirect effects on the patterning of the musculature. The direct mechanism would be by SHH acting on muscle cells by activating proliferation of an already committed slow muscle fibre lineage. The indirect mechanism of SHH action on the musculature would be that it initiates a cascade in the mesenchyme altering the distribution of the ECM, leading to the altered splitting of the muscle masses and proliferation or differentiation of slow MyHC fibres.
Materials and methods
Chick embryos
Fertilised eggs from chick (JAS7 strain from Institut de Selection Animale, Lyon, France) were incubated at 37°C and embryos were staged according to Hamburger and Hamilton (1951) (HH) . All grafting experiments were performed in ovo.
Production of SHH-expressing QT6 cells
The chicken SHH-coding region was inserted in the pBK plasmid (Stratagen) by Hermann Rohrer (Germany). In the SHH/pBK construct, transcription of the SHH-coding sequence is under the control of the CMV promoter. A stable QT6 cell line producing SHH/pBK was established as described by Duprez et al. (1998) . Stable transfectants were selected in G418 and the best clone was chosen according to its ability to induce digit duplication in vivo. These cells produce recombinant SHH protein and provide us a source of SHH, which, when grafted into the limb produce a localised ectopic source of SHH.
Grafting SHH-expressing cells
SHH-expressing cells were prepared for grafting as described by Duprez et al. (1998) . Pellets of approximately 50 mm in diameter were grafted into the anterior margin of the wings of chick embryos at stage 19/20HH of development (Fig. 5A ). Embryos were harvested and processed for in situ hybridisation of whole-mounts or tissue sections. In some cases, embryos were stained with alcian blue and cleared in methyl salicylate to determine digit pattern.
In situ hybridisation to whole mounts and tissue sections
Embryos were fixed in 4% (v/v) formaldehyde and processed as previously described for in situ hybridisation to whole mounts . In situ hybridisation of digoxigenin-labelled RNA probes to tissue cryostat sections was performed as described by Duprez et al. (1998) . Probes for chicken Shh and MyoD transcripts were prepared as described by Riddle et al. (1993) and Duprez et al. (1998) , respectively.
Immunohistochemistry
Muscle cells were detected on 15-mm cryostat sections using the monoclonal antibody against sarcomeric myosin heavy chains (MyHC), MF2O (Developmental Hybridoma Bank, University of Iowa, Iowa City). Two isoforms of the slow myosin heavy chain (SM2 and SM3) were detected using the Na8 antibody (Bourke et al., 1995) .
Determination of muscle names in the forearm of the wing
Individual brachial muscles in normal and manipulated limbs were identified using a mixture of the criteria described by Shellswell and Wolpert (1977) , Robson et al. (1994) and Zhi et al. (1996) , such as location, shape, origin and insertion points. Each individual muscle was followed on serial 7-mm wax transverse sections of wing, from 10-day-old embryos. In transverse sections of the forearm, six dorsal muscles can be observed, principally, extensor muscles, running from posterior to anterior: ANC; anconeus; EMU, extensor metacarpi ulnans; EDC, extensor digitorum communis; EML, extensor medius longus; EIL, extensor incidis longus; EMR, extensor metacarpi radialis. Ventrally, six main muscles, principally flexor muscles, which are arranged asymmetrically across the a-p axis of the wing, with more muscles at the posterior pole of the wing, underneath the ulna. From posterior to anterior: FCU, flexor carpi ulnaris; FDS, flexor digitorum profondus; UMV, ulni metacarpalis ventralis; FDP, flexor digitorum profundus; Ent, entepicondyloulnaris; PP, pronator profundus; PS, pronator superficialis.
